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                A BSTRACT  
 New modalities providing safe and effective treatment of pain, 
especially prolonged pathological pain, have not appeared 
despite much effort. In this mini-review/overview we suggest 
that new paradigms of drug design are required to counter the 
underlying changes that occur in the nervous system that may 
elicit chronic pain states. We illustrate this approach with the 
example of designing, in a single ligand, molecules that have 
agonist activity at  m  and  d  opioid receptors and antagonist ac -
tivities at cholecystokinin (CCK) receptors. Our fi ndings thus 
far provide evidence in support of this new approach to drug 
design. We also report on a new biophysical method, plasmon 
waveguide resonance (PWR) spectroscopy, which can provide 
new insights into information transduction in G-protein coupled 
receptors (GPCRs) as illustrated by the  d  opioid receptor.  

   K EYWORDS:     drug design  ,   neuropathic pain  ,   bifunctional 
ligands  ,   plasmon waveguide resonance spectroscopy  ,   GPCRs  , 
  opioid receptors  ,   cholecystokinin receptors    

   INTRODUCTION 
 Despite much effort, medications providing effective and 
tolerable treatment of chronic abnormal pains such as neu-
ropathic pain have not appeared in the past 2 decades. The 
reasons for this are multifaceted and involve cultural, politi-
cal, economic, social, and scientifi c considerations. From a 
scientifi c perspective it has become increasingly clear that 
current methods of drug design 1  are inadequate and require 
revision when considering the nonphysiological state of the 
nervous system, which is associated with chronic pain. 2  
 Many recent studies 3-5  have suggested that in neuropathic 
pain states adaptations occur in the central and peripheral 
nervous systems that may change the expected pain-relieving 
actions of analgesics such as morphine. An additional com-

plication is the recent understanding that in addition to their 
pain-relieving actions, opioids can elicit unexpected devel-
opment of hyperalgesia, or an increase in sensitivity to nor-
mally noxious and also to nonnoxious stimuli, resulting in 
enhancement of pain. 6  ,  7  Adaptations that can occur in the 
nervous system in conditions of chronic pain include increases 
in the expression and activity of endogenous neurotransmit-
ters, such as cholecystokinin (CCK), which may act both as 
pronociceptive substances and produce  “ anti-opioid ”  effects 
as well. 8  Both of these actions will diminish the analgesic 
actions of opioids, reducing the expected therapeutic benefi t 
of these drugs. In this article, we outline a new approach for 
designing drugs that will be effective in these pain states and 
illustrate this approach by designing single ligands that can 
act as both agonists at opioid receptors and antagonists at 
CCK receptors. Additionally, the possibility that opiate use 
may produce increased sensitivity to pain is an aspect of pain 
management that is now receiving considerable attention, as 
indicated by the spate of recent blinded clinical studies. 
Investigations performed with patients undergoing surgery 
showed that intraoperative opiate administration resulted in 
increased postoperative pain and increased the dose required 
for postoperative analgesics in order to achieve analgesia. 9  
 Finally, we discuss a new biophysical method, plasmon wave-
guide resonance (PWR) spectroscopy that allows, for the fi rst 
time, direct examination, in real time, of the structural changes 
that occur to G-protein coupled receptors (GPCRs) in model 
membrane bilayers when the receptor interacts with agonists, 
antagonists, and inverse agonists, and the effects on G-protein-
receptor interactions on these different receptor-occupied con-
formational states. These studies can be done without any 
spectroscopic labels, radioactive moieties, or other structure 
modifi cations that often can interfere with or change the nature 
of the interactions. Surprising results are obtained that suggest 
a major revision of current models of GPCR-mediated effects.  

  MATERIALS AND METHODS 
  Peptide Synthesis 
 Peptide synthesis of the ligands discussed here was 
 accomplished by standard methods of solid phase peptide 
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synthesis using the N  a  -Fmoc strategy. 10  The synthesized 
peptides were purifi ed by gel fi ltration and preparative 
reverse-phase high-performance liquid chromatography 
(HPLC) generally using a gradient system composed of 
acetonitrile and 0.1% aqueous trifl uoroacetic acid. Purity 
was assessed by thin layer chromatography in 3 solvent 
 systems and by analytic HPLC. Further analysis of the 
structure was determined using high-resolution mass spec-
trometry and amino acid analysis, and by nuclear magnetic 
resonance spectroscopy in selected samples. The peptides 
generally were greater than 98% pure.  

  Binding Assays 
 Receptor binding affi nities to the  d - and  m -opioid receptors 
were performed with membrane preparations using meth-
ods previously reported. 11  Binding affi nities to the CCK 
receptors (CCK-1 and CCK-2) were made using stably 
transfected cell lines that express the human CCK-1 or 
CCK-2 receptors (the cDNA were gifts from Dr. Alan 
Kopin) using published methods that were recently pub-
lished. Radiolabeled ligands used were [ 3 H]c[DPen, 2 DPen 5 ]-
enkephalin (DPDPE) or [ 3 H]-deltorphin II for the  d  opioid 
receptor, D-Phe-c[Cys-Tyr-D-Trp-Arg-Thr-Pen]-Thr-NH 2  
([ 3 H]CTAP) or [D-Ala 2 , Gly-OH 5 ]enkephalin ([ 3 H]DAMGO) 
for the  m -opioid receptor, and [ 3 H]CCK-8 (sulfated) for the 
CCK-1 and CCK-2 receptors. Multiple assays were per-
formed for each ligand reported, and the results were ana-
lyzed statistically.  

  Bioassay 
 In vitro functional bioassays were determined using the 
guinea pig ileum (GPI,  m ), mouse vas deferens (MVD,  d ), 
and the unstimulated GPI/LMMP (CCK receptor) (versus 
the sulfated CCK-8 for antagonist activity) as described 
previously. 12  Multiple assays were performed for each 
ligand, and the results were analyzed statistically.  

  Plasmon-Waveguide Resonance Spectroscopy 
 PWR spectra were obtained by resonance excitation of con-
duction electron oscillations (plasmons) by polarized light 
from a CW laser at wavelengths of 632.8 or 543.5 nm inci-
dent on the back surface of a thin metal fi lm (Ag) coated by 
a layer of SiO 2  deposited on a glass prism, 13  ,  14  using a Pro-
terion Corp (Piscataway, NJ) instrument that had a spectral 
resolution of 1 millidegree (mdeg). The sample to be ana-
lyzed (a solid-supported lipid bilayer membrane) was 
immobilized on the resonator SiO 2  surface and placed in 
contact with an aqueous medium to which proteins and 
ligands could be introduced. The deposited molecules (eg, 
bilayer, GPCRs, G-proteins) change the resonance charac-

teristics and thereby infl uence the plasmon spectra. The 
PWR spectra, which are plots of refl ected light intensity 
versus the incident angle, can be obtained with light whose 
electric vector is either parallel or perpendicular to the plane 
of the resonator surface ( s-  or  p-  polarization, respectively). 
From these spectra 2 refractive index values ( n s   and  n p  ) as 
well as the sample thickness ( t ) can be determined. This 
provides information about changes in the mass density, 
structural asymmetry, and molecular orientation that results 
from the molecular interactions occurring at the resonator 
surface. 15  ,  16   

  Receptor Purifi cation and Characterization; Incorporation 
of hDOR Into a Lipid Bilayer by Detergent Dilution 
Followed by Ligand or G-Protein Addition 
 A fully functional human  d  opioid receptor (hDOR) with a 
Myc and His tag was stably transfected into a Chinese ham-
ster ovary cell line (CHO-K1) and was solubilized and puri-
fi ed as previously reported. 16  ,  17  For studies in which the 
receptors were prebound with ligand (to study G-protein 
interactions with the liganded receptor), the solubilized 
purifi ed receptors were incubated with saturating amounts 
of a peptide agonist (DPDPE), a nonpeptide agonist 
(SNC80), or an antagonist (Naltrindole, NTI) for 1 to 2 
hours at 4°C prior to introduction into the PWR cell that 
contained a previously prepared lipid bilayer, which was 
assembled as previously reported. 16  This bilayer is formed 
within the orifi ce of a Tefl on sheet on the PWR cell surface 
that separates the resonator from the aqueous medium. This 
provides a lipid bilayer with an annulus of lipid at the bor-
ders of the orifi ce, which allows lipid molecules to move 
into and out of the bilayer in response to protein insertion 
and/or changes in the protein conformation. In general, 
the lipid bilayers consisted of egg phosphatidylcholine 
(PC) and 1-palmitoyl2-oleyl- sn -glycero-3-phosphoglycerol 
(Avanti Polar Lipids, Alabaster, AL) (75/25 mol/mol) pre-
pared as previously reported. 17  The receptors (either unoc-
cupied or ligand occupied) were incorporated into the lipid 
bilayer by introducing the purifi ed detergent-solubilized 
hDOR receptor in 30 mM octyl glucoside-containing buffer 
into the aqueous compartment of the resonator prism under 
conditions that dilute the detergent to below the critical 
micelle concentration (CMC), which allows the receptor 
protein to spontaneously insert into the lipid bilayer. Based 
on a variety of control experiments, the evidence suggests 
that the receptor molecules insert bidirectionally into the 
lipid bilayer; that is, with the extracellular side facing both 
the silica surface (this allows examination of G-protein 
interactions with the receptor) and the aqueous compart-
ment (this allows examination of ligand-receptor interac-
tions). G-proteins examined include mixtures of G  a o , G  a i1 , 
G  a i2 , and G  a i3  (or pure single G  a   subunits) and a  b  g   subunit 
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complex (a mixture of the different  b  g  subtypes present 
in the brain — both obtained from Calbiochem, EMD Bio-
sciences, La Jolla, CA). Aliquots of ligand or G-protein 
solutions were incrementally added to increase their con-
centration so as to effectively examine the dose-response of 
these molecules. For the GTP g S (Sigma, St Louis, MO.) 
binding studies, the G-protein-receptor complex formation 
was at full saturation before GTP g S was added (again incre-
mentally). In these experiments, the changes in the spectra 
were monitored using both  s-  and  p-  polarized light. 
From these experiments, hyperbolic saturation curves cor-
responding to a plot of the concentration of the ligand (or 
G-protein) added versus the resonance position angle (in 
mdeg) can be obtained to provide K D  values using standard 
curve fi tting procedures.   

  RESULTS AND DISCUSSION 
 As discussed above, our analysis of the changes in the 
expression of neurotransmitters and their receptors that 
accompany the development of neuropathic pain and pro-
longed pain of various origins suggested to us that the design 
of a single ligand that had agonist activities at both  d  and  m  
opioid receptors, and antagonist activity at CCK-1 and espe-
cially CCK-2 receptors, would provide a ligand that could 
directly address the changes in gene expression in the brain 
and spinal cord that accompany these pain states. Two spe-
cifi c approaches to the design of such ligands were consid-
ered: (1) development of a single ligand with overlapping 
pharmacophores for the opioid receptors and the CCK 
receptors, and (2) development of a single ligand that pos-
sessed the agonist pharmacophore for the  m  and  d  opioid 
receptors, and the antagonist pharmacophore for the CCK-1 
and CCK-2 receptors joined together by a spacer. This latter 
approach, though successfully pursued, will not be further 
discussed here. The idea of developing a peptide or peptido-
mimetic ligand, which possesses affi nity for both opioid 
and CCK receptors in a single molecule rather than in 2 
separate molecules, was chosen for several reasons: (1) 
economy of structure especially when using the concept of 
overlapping pharmacophores in design, (2) development of 
a single moiety that would have a single mode of delivery, 
transport, metabolism, and biodistribution and a single tox-
icity (such a molecule would more easily obtain approval as 
a new drug by the Food and Drug Administration [FDA]), 
and (3) an opportunity to evaluate a new approach to drug 
design for disease states in which changes in gene expres-
sion are believed to have occurred and are important com-
ponents of the disease state. If successful, we believe this 
approach can be applied to many other diseases such as can-
cer and diabetes. 
 In previous research directed to obtaining analogs of CCK-
8 with selectivity for the CCK-2 (or CCK-1) receptor, we 

 Figure 1.      Design of a single molecule with overlapping 
pharmacophores for opioid and CCK receptors.  

obtained a ligand we designated as SNF-9007 (H-Asp-Tyr-
D-Phe-Gly-Trp-NMeNle-Asp-Phe-NH 2 ,      Figure 1 ), which 
was highly potent and selective for the CCK-2 receptor 18  
but which had weak agonist activity at the  d  and  m  opioid 
receptors. 18  Furthermore, we noticed, based on our model-
ing studies of the highly  d  opioid selective cyclic enkepha-
lin analog DPDPE 19  and of the CCK-8 structure, that they 
possessed similar topographical 3-dimensional structures, 
especially in the placement of critical aromatic residues 
important to both pharmacophores (     Figure 2 ). 20  ,  21  Further 
modeling suggested that the 2 pharmacophores (DPDPE 
and CCK-8) could be overlapped in a single structure such 
as SNF-9007 (     Figure 1 ). As outlined below we felt that fur-
ther modifi cation in such a structure could provide a single 
ligand with the desired biological activity profi le.     

  Structure-Activity Studies 
 Our fi rst goal was to convert SNF-9007 into a ligand with 
higher binding affi nities and agonist activities at the  d  and  m  
opioid receptors. Since the amino terminal Asp residue in 
SNF-9007 is detrimental to opioid receptor molecular rec-
ognition, and not essential for CCK receptor binding, we 
removed it and obtained compound  1  ( Table 1 ), which had 
much improved affi nity (~40-fold) for both the  d  (K i  = 
6.8 nM) and  m  (K i  = 136 nM) receptors. We then further 
improved the opioid binding affi nity of  1  by replacing the 
D-Phe 2  residue with other D-amino acid residues known to 
produce potent opioid ligands: (A) D-Ala in  2 ; (B) D-Nle in 
 3 ; and (C) Gly in  4 . Signifi cant improvements in binding 
affi nity were seen for both  2  and  3  ( Table 1 ), but surpris-
ingly  4  had considerably reduced potency. Since enkephalin 
itself has a Gly in position 2, the reason for the large loss in 
binding affi nity of  4  for opioid receptors is not clear. 
 It should be noted that the binding affi nities of analogs  1  to 
 4  for the CCK-1 and CCK-2 receptors were largely 
unchanged by these modifi cations to the N-terminal dipep-
tide residues of SNF-9007. Thus, we next sought to improve 
the binding of SNF-9007 for the CCK-1 receptor in particu-
lar to obtain a ligand with more balanced binding affi nities 
for the 2 CCK receptors. As shown in  Table 2 , this was 
accomplished by using  1  ( Table 1 ) as the starting ligand, 
and substituting the N-MeNle 5  residue with a Nle residue, 
which was known from our previous studies of CCK 22  to 
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give ligands with more balanced CCK-1 and CCK-2 bind-
ing affi nities. In addition we put a D-Phe ( 5 ) or a D-Ala ( 6 ) 
or a D-Nle 2  residue in position 2 ( Table 2 ). In general, these 
modifi cations led to increased binding affi nities for the 
CCK-1 receptor (90-fold for  5 , 2-fold for  6,  and 900-fold 
for  7 ), although with some decrease in binding affi nities for 
the CCK-2 receptor. Most important,  7  was found to have 
very balanced binding affi nity for both the CCK-1 and 
CCK-2 receptors. High affi nity binding was retained for the 
 m  and  d  receptors as well. 
 Finally, we converted the analogs to ligands, which would 
be expected to have antagonist activity at CCK receptors 
( Table 3 ). It is well known from previous structure-activity 
relationships (SAR) studies with both CCK peptides and 
peptidomimetics that conversion of the L-Trp in CCK ana-
logs to a D-Trp leads to compounds that are antagonists at 
CCK receptors. Hence, starting with  1  we replaced the 
L-Trp residue with a D-Trp residue to give  8  ( Table 3 ), and 

 Figure 2.      Similarities between the conformations of DPDPE 
(top) and CCK 8  (bottom) shown in stereoview.  

we also made an analog with a D-Ala 2  residue ( 9 ,  Table 3 ). 
In both cases, analogs with potent binding affi nities for the  
d ,  m , and CCK-2 receptors were obtained, and for  9  at 
the CCK-1 receptor as well. Of surprise,  8  still had weak 
affi nity for the CCK-1 receptor, presumably because of the 
presence of a N-MeNle 5  residue (although  9  also had this 
residue, it had high affi nity for the CCK-1 receptor). As 
expected,  8  and  9  were antagonists at the CCK receptors 
(data not shown). 
 Finally, we examined the design of cyclic ligands related to 
the linear ligands discussed above. The linear analogs were 

  Table 2.        SAR Studies to Balance the Selectivity for CCK-1 and 
CCK-2 Receptors*    

K i  (nM) K i  (nM)
Compound  δ  †  μ  ‡ CCK-1§ CCK-2§

 1 . H-Tyr-D-Phe-Gly-Trp-
 NMeNle-Asp-Phe-NH 2 

6.8 136 10 000 2.1

 5.  H-Tyr-D-Phe-Gly-Trp-
 Nle-Asp-Phe-NH 2 

0.42 80 116 8.1

 6.  H-Tyr-D-Ala-Gly-Trp-
 Nle-Asp-Phe-NH 2 

39.1 3.3 5700 146

 7.  H-Tyr-D-Nle-Gly-Trp-
 Nle-Asp-Phe-NH 2 

2.9 27 11.2 15.8

   *CCK indicates cholecystokinin.
   † Competitive binding assay versus [ 3 H]DPDPE.
   ‡ Competitive binding assay versus DAMGO.
  §Competitive binding assay versus [ 3 H]CCK-8.     

  Table 1.        Increasing the Binding Affi nity at Opioid Receptors by 
Modifying SNF-9007*    

Opioid, 
  K i  (nM)

CCK,   
K i  (nM)

Compound  δ  †  μ  ‡ CCK-1§ CCK-2§

H-Asp-Tyr-D-Phe-Gly-
 Trp-NMeNle-Asp-Phe-NH 2 
   (SNF-9007)

250 5200 3300 2.1

 1.  H-Tyr-D-Phe-Gly-Trp-
 NMeNle-Asp-Phe-NH 2 

6.8 136 10 000 2.1

 2.  H-Tyr-D-Ala-Gly-Trp-
 NMeNle-Asp-Phe-NH 2 

14 46 5700 2.1

 3 . H-Tyr-D-Nle-Gly-Trp-
 NMeNle-Asp-Phe-NH 2 

1.6 25 3900 0.60

 4.  H-Tyr-Gly-Gly-Trp-
 NMeNle-Asp-Phe-NH 2 

2010 610 870 1.3

   *CCK indicates cholecystokinin.
   † Competitive binding assay versus [ 3 H]DPDPE.
   ‡ Competitive binding assay versus DAMGO.
  §Competitive binding assay versus [ 3 H]CCK-8.    
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converted to cyclic analogs using a rational approach for 
making cyclic analogs from linear analogs by topographical 
modifi cation and cyclization. 23  ,  24  In this case, we cyclized 
using structural modifi cations at positions 2 and 5 of the 
linear analogs discussed above. Both cyclic disulfi de and 
cyclic lactam analogs were examined. Here we will report 
on our work with cyclic disulfi des. In this approach we sub-
stituted position 2 with either D-Cys or D-Pen, whereas in 
position 5 we substituted with either D-Cys, Cys, or Pen 
( Table 4 ). Based on previous studies of cyclic opioid ligands 
based on DPDPE, which were extended at the C-termi-
nal, 25  ,  26  it was anticipated that an L-Cys or L-Pen residue in 
the analogs would lead to higher affi nity analogs on opioid 
receptors. As shown in  Table 4  this turned out to be the case 
at the  d  receptor ( 13  and  14  versus  15, 16,  and  17 ) but not at 
the  m  receptor, although  15  had the highest affi nity at both 
the  d  and  m  receptors as expected. All of the cyclic disul-
fi des had good to very good antagonist activities at the CCK 
receptors ( Table 4 ). 
 In preliminary studies we have examined whether these 
ligands have binding affi nity and, most important, in vivo 
activity in animal models of neuropathic pain and anti-
 allodynic effects. Using the linear analog RSA 601 (H-Tyr-
D-Phe-Glu-D-Trp-NMeNle-Asp-Phe-NH 2 ) we have found 
that these compounds demonstrate dose-dependent activity 
using a descending facilitation animal pain model for neu-
ropathic pain and in an in vivo anti-allodynic assay. Further 
studies are in progress to confi rm these fi ndings. However, 
it does appear that as predicted by our basic working hypoth-
esis, ligands with the novel biological activities profi les of 
our new ligands can indeed provide for the fi rst time ligands 
that are actually effective for neuropathic pain and allodynia. 
Studies are continuing to further expand on this model.  

  Table 4.    Conformational Constraint With Disulfi de Cyclization*  

Cyclic Disulfi de Analogues

Opioid 
Agonist (nM)

CCK   
Antagonist §    (nM)

MVD( δ )  †  GPI(μ  )  †  

 7.  H-Tyr-D-Nle-Gly-
 Trp-Nle-Asp-Phe-NH 2 

22.7 206 192

 13.  H-Tyr-D-Cys-Gly-
 Trp-D-Cys-Asp-Phe-NH 2 

84 182 37.8

 14.  H-Tyr-c[D-Cys-Gly-
 Trp-D-Cys]-Asp-Phe-NH 2 

119 282 23

 15.  H-Tyr-c[D-Cys-Gly-
 Trp-Cys]-Asp-Phe-NH 2 

0.45 63 7.6

 16.  H-Tyr-c[D-Pen-Gly-
 Trp-Cys]-Asp-Phe-NH 2 

9.5 151 19

 17.  H-Tyr-c[D-Cys-Gly-
 Trp-Pen]-Asp-Phe-NH 2 

15 290 24

   *CCK indicates cholecystokinin.
   † Functional assay at mouse vas deferens ( d ).
   ‡ Functional assay at guinea pig ileum ( m ).
  §Competitive binding assay at the guinea pig ileum, longitudinal muscle 
with myeuteric plexus (GPI/LMMP).    

  Table 3.    Conversion to High-Affi nity CCK Antagonist Activity*  

Opioid, 
  K i  (nM)

CCK,   
K i  (nM)

 [D-Trp 4 ]Analogues  δ  †  μ  ‡ CCK-1§ CCK-2§

 1.  H-Tyr-D-Phe-
 Gly-Trp-NMeNle-
 Asp-Phe-NH 2 

22 2.5 10 000 2.1

 8.  H-Tyr-D-Phe-
 Gly-D-Trp-NMeNle-
 Asp-Phe-NH 2 

0.55 5.7 1080 1.6

 9.  H-Tyr-D-Ala-
 Gly-D-Trp-NMeNle-
 Asp-Phe-NH 2 

1.9 20 32 1.3

   *CCK indicates cholecystokinin.
   † Competitive binding assay versus [ 3 H]DPDPE.
   ‡ Competitive binding assay versus DAMGO.
  §Competitive binding assay versus [ 3 H]CCK-8.     

  Use of a Novel Biophysical Method to Directly Examine 
Structural Changes of GPCRs in Membrane Bilayers 
 Efforts to examine directly the structural properties of inte-
gral membrane proteins such as GPCRs have been ham-
pered by their intrinsic properties in the bilayers in which 
they are located in vivo, including (1) their relatively low 
abundance, (2) the diffi culties in solubilizing them in a bio-
logically active state, (3) their anisotropic properties in the 
bilayers, (4) the diffi culty in crystallizing them so as to 
obtain high resolution structures, (5) the complexity of their 
molecular interactions (ligands, the trimeric G-proteins), 
and (6) the need to use radiolabels or even more problem-
atic fl uorescent probes to examine these interactions. 
 Here we report on a new method, PWR spectroscopy, which 
can overcome all of these diffi culties. The method uses res-
onant excitation by light of plasmons, which are electronic 
oscillations, in a thin metal fi lm (eg, silver) coated with a 
thicker dielectric layer (in our case silica), which is de posited 
on the surface of a prism. This setup generates a surface-
localized evanescent electromagnetic fi eld at the interface 
of the coated prism and the external aqueous medium. In 
this way, the optical properties of materials immobilized at 
this surface including lipid bilayers, GPCRs in the bilayers, 
the interactions of the GPCRs with their cognate ligands, 
and interactions with their G-proteins can be probed. This 
allows for the characterization of thermodynamic, kinetic, 
and structural properties and features of a wide variety of 
biomembrane systems (see references 12-16 for details of 
the instrumentation and its applications to anisotropic 
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 structural analysis). Most important, this method can be 
done with a very high degree of sensitivity (femtomole 
quantities of immobilized receptor, for example) and with-
out the need for any labels or other structural modifi cations. 
For example, the kinetics and thermodynamics of ligand 
binding can be examined directly, and insights into the con-
formational/structural changes that result from ligand-
receptor interactions can be obtained. This is possible 
because, in contrast to surface plasmon resonance (SPR) 
spectra, PWR spectra can be excited with both parallel and 
perpendicular polarized light, allowing characterization of 
molecular orientation within the membrane and evaluation 
of the anisotropy inherent in this system rather than simple 
changes in mass. Furthermore, PWR is much more sensitive 
than SPR owing to the much narrower line widths of PWR 
spectra, which allows quantitative measurement with a sin-
gle proteolipid bilayer and nanomolar amounts of protein in 
the sample cell. 

 For our initial studies with GPCRs we chose the cloned 
hDOR, which had been modifi ed at the C-terminus with 
Myc and His tags. This GPCR mediates pain response in 
acute pain. CHO cells containing the hDOR were harvested 
and homogenized, and the membrane fraction was solubi-
lized in an octylglucoside-containing buffer and purifi ed by 
column chromatography and affi nity chromatography and 
evaluated for purity and the ability to bind  d  opioid ligands. 
A lipid bilayer containing 75 mol% egg PC and 25 mol% 
palmitoyl-oleoyl-phosphatidyl-glycerol (POPG) was used 
to form a bilayer (     Figure 3A ) within an orifi ce in a Tefl on 
spacer on the prism. The bilayer formed is quite stable and 
is anchored to the orifi ce by an annulus of lipid solution. 
This bilayer readily incorporates the hDOR by introducing 
the detergent solubilized hDOR into the aqueous compart-
ment under conditions that dilute the detergent to below the 
CMC (     Figure 3A ). Once the receptor is inserted into the 
bilayer, solutions of ligands or soluble proteins such as G 
proteins, or other molecules or ions can be added to the 
aqueous compartment of the PWR instrument. Insertion of 
the hDOR can be performed with the receptor either unoc-
cupied or occupied by an agonist, antagonist, or inverse 
agonist (     Figure 3A ). The ligand occupied receptor (agonist, 
antagonist, or inverse agonist occupied) can subsequently 
be used to interrogate the G-protein binding processes (     Fig-
ure 3B ,      C ) and in turn guanosine 5 ′ -diphosphate/guanosine 
5 ′ -triphosphate (GPD/GTP) exchange (GTP g -S binding) 
can be monitored in real time for changes in the PWR spec-
tra (     Figure 3B ,      C ) using both  s- polarized and  p- polarized 
light. Fitting of the changes in spectra as a result of, for 
example, changes in agonist ligand concentration to a hyper-
bolic binding isotherm can be done to determine K D  values 
for binding of the ligand to the hDOR. Similar studies can 
be made with prebound antagonist and inverse agonists, 
peptides, and nonpeptides. The plasmon resonance spectra 

depend on 3 properties of the proteolipid bilayers: the refrac-
tive index ( n ), the absorption coeffi cient ( k ), and the thick-
ness ( t ) of the immobilized layer. Both  s- polarized and 
 p- polarized light can be used to examine the anisotropic 
behavior of the system. From this process information can 
be obtained about the changes in structure that accompany 
interaction of the receptor with ligands and G-protein. For 
example, we have shown that incorporation of hDOR into a 
bilayer follows a hyperbolic curve consistent with single 
uniform site in the bilayers and allows calculation of mass 
density for closely packed molecules from which the sur-
face area occupied per molecule can be determined. 16  The 
value obtained (1200Å 2 ) is consistent with the expected 
mo lecular structure of the receptor. Furthermore, as ex -
pected,  n p   values are greater than  n  s  values again consistent 
with insertion of a cylindrically shaped receptor protein 
(an asymmetric structure) into a rod-shaped lipid bilayer. 
Finally, the thickness of the proteolipid membrane increases 
from 53Å before receptor insertion, to 68Å after hDOR 
addition. These values are consistent with known structural 
features of the lipid bilayer and the receptor.   
 Following insertion of the receptors into the bilayer, ligand 
binding to the receptor can be examined in detail by adding 
increasing concentrations of agonist (     Figure 3B ), antagonist, 
or inverse agonist ligands (     Figure 3C ). We have examined 
these binding interactions in detail using PWR spectroscopy 
by monitoring the changes in the PWR spectra that occur on 
adding increasing concentrations of the ligand to the recep-
tor. 27  In these studies we have found that the binding of the 
ligand to the receptor leads to different changes in the spec-
tra for  s- polarized and  p- polarized light consistent with an 
anisotropic change in structure in the binding process. Fur-
thermore, these changes are quite different when agonists, 
antagonists, and an inverse agonist bind to the receptor, 
completely in agreement with the interpretation that each of 
these receptor-occupied states has a different conformation. 
Of interest, some peptide agonists and nonpeptide agonists 
show different anisotropic spectral changes suggesting a 
different conformation for each of these agonist-occupied-
receptor states. This observation is consistent with previous 
observations we have made using  m DORs modifi ed by site-
specifi c mutagenesis. 28  
 Fitting the changes in PWR spectra that occur as the con-
centration of ligand is increased to saturation to a hyper-
bolic binding isotherm can directly provide the K D  values 
for ligand binding to the receptor. We have examined sev-
eral agonists and antagonists of the hDOR and a known 
inverse agonist and have shown that the K D  values obtained 
are very similar to those reported in the literature, generally 
using brain membrane preparations. 27  We thus conclude 
that our receptor preparations in lipid bilayers provide a 
good approximation to the structural and functional proper-
ties of the receptors in living systems. 
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 With this in mind, we extended our studies to examine the 
binding of G-proteins to the incorporated hDOR and exam-
ined the PWR spectral changes that accompany the addition 
of the G-proteins (     Figure 3B ). In these experiments, the 
hDOR receptor was inserted into the membrane bilayers 
either unoccupied by a binding ligand, or occupied by an 
agonist, an antagonist, or an inverse agonist. We found that 
prebinding of a ligand to the receptor results in changes in 
G-protein interaction with the occupied receptor that varies 
with the ligand type (agonist, antagonist, or inverse ago-
nist). This fi nding demonstrates that the receptor inserts into 
the membrane bi-directionally and thus permits exploration 
of processes that occur on both extracellular and intracellu-
lar membrane surfaces. This fortunate situation has allowed 
us to examine the consequences of the interaction of 
G-proteins with variously occupied receptors to provide 
novel insights that may provide a completely new way to do 
structure-biological activity relationships in drug design. 
We briefl y discuss some of these fi ndings below. 

 The  d  opioid agonist (DPDPE) 19 -occupied receptor was 
inserted in the lipid bilayer and then was interrogated with a 
purifi ed mixture of the predominant forms of the pertussis 
toxin-sensitive G-proteins from bovine brain (Calbiochem, 
EMD Biosciences) associated with the DOR containing 

G  a o , G  a i1 , G  a i2 , and G  a i3  and the  b  g  subunit complex. 29  
When these were incrementally added, changes in PWR 
spectra were observed (     Figure 3B ). As shown in      Figure 3 , 
saturation was obtained at higher concentrations, and again 
the K D  value of the binding of the G-protein to the agonist 
occupied hDOR could be determined by fi tting the data 
to a hyperbolic binding isotherm. As can be seen, both 
 s-  polarized and  p- polarized light gave the same K D  value as 
expected. After saturation of the receptor with the G-protein 
was reached, GTP g S was added and, as before, the changes 
in the PWR spectra were monitored as shown in      Figure 3C . 
The K D  value for GTP g S binding was found to be ~14 nM. 
Note that the anisotropic spectral changes seen with GTP g S 
binding were in the opposite direction as those seen for 
G-protein binding to the DPDPE-occupied receptor. We 
interpret this result to be caused by the release of the alpha 
subunit of the G-protein after GTP/GDP exchange. Note 
that the G-protein binding to the agonist-occupied receptor 
and the GTP g S binding to the G-protein have K D  values of 
similar magnitude. Similar experiments with the antagonist 
(naltrindole)-occupied hDOR showed that the G-protein 
was only weakly bound to the receptor (K D  ~500 nM), and 
that the GTP g S apparently does not bind to the G-protein in 
this case (data not shown). This fi nding is consistent with 
expectation, showing that these interactions refl ect receptor 

 Figure 3.    PWR equilibrium spectra following the changes of refl ectance for study of G-protein receptors in lipid bilayers: (A) PWR 
equilibrium spectra for various experimental situations, (B) PWR binding isotherm for G-protein binding to agonist-bound DPDPE-
hDOR complex (left) and subsequent measurement of GTP g S binding (right), and (C) Other observations made using PWR 
spectroscopy with other unoccupied or ligand-occupied hDORs.  
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biology. By directly monitoring these effects, PWR allows 
them to be quantifi ed, which is very diffi cult to do by other 
methods. This has important implications for drug discov-
ery protocols. 
 Of interest, unoccupied hDOR still binds the G-protein but 
with an intermediate affi nity (~60nM) but no GTP g S bind-
ing was detected. Again, as expected, the inverse agonist-
occupied receptor does not bind the G-protein nor is any 
GTP g S binding detected. These results further validate as 
previously discussed ( vide supra ) that the hDOR assumes 
different structures depending on the nature of the ligand 
bound to it (agonist, antagonist, inverse agonist, and unoc-
cupied receptor). This picture is quite different from that 
usually depicted in biochemistry or pharmacology text-
books and reviews. These 4 different conformational states 
appear to be essential for the proper functioning of informa-
tion transduction that is used for biological function in 
response to changes in the environment of the cell. 
 If one uses the purifi ed G a -protein subtypes (G  a o , G  a i1 , 
G  a i2 , and G  a i3 ) in combination with the  b  g  subunits and 
then interrogates them with either ligand-occupied hDORs 
or the unliganded state, a remarkably diverse set of trans-
duction pathways emerges ( Table 5 ). 30  Examining fi rst the 
DPDPE-bound hDOR, there is a 40-fold difference in bind-
ing of the different G-protein subtypes. Moreover there no 
longer is a uniformly close 1:1 correspondence between 
G-protein binding to the agonist-occupied receptor and 
GTP g S binding. Thus, in the case of the G  a i2  protein, there 

is essentially 1 to 1 correspondence, but for the other high-
affi nity G-protein G  a o  there is up to a 40-fold difference 
in G-protein binding to the agonist-occupied receptor 
and GTP g S binding. Since transduction requires both the 
G-protein binding event and GDP/GTP exchange, clearly 
the most likely transduction pathway in this case will be via 
the G  a i2  protein. Remarkably, a completely different pic -
ture emerges when examining these binding events with a 
nonpeptide-hDOR complex, namely, the SNC80-hDOR 
complex ( Table 5 ). In this case, the G-protein, which binds 
most strongly to the hDOR is the G  a o  protein and this also 
has potent GTP g S binding. On the other hand, although the 
G  a i2  protein binds strongly to the agonist-occupied DOR, a 
7-fold decrease in GTP g S binding occurs. 

 Also of interest is the observation that the partial agonist for 
the hDOR (morphine) chooses yet another G-protein, G  a i1  
( Table 5 ), and all of the other G-proteins bind GTP g S very 
weakly and thus are unlikely to transduce any message very 
well. By enabling a quantitative measure of the affi nity 
between the receptor and G-protein subtypes, PWR spec-
troscopy offers a unique approach and new insights into 
the molecular mechanisms that may govern the effi cacy of 
opioids. Conventional analyses by and large evaluate the 
infl uence of receptor/G-protein complexes on the affi nity 
of ligands for the receptors; the analyses make the assump-
tion that some predominant conformation(s) of the recep-
tor or receptor/G-protein complexes dictate the affi nity 
of the agonist for the receptor and, by assumption, the 

  Table 5.    K D  Values (nM) for Binding of the Different G-Protein Subtypes to the Different Liganded States of the Human  d  Opioid 
Receptor  

Agonist (DPDPE)-bound

G-Protein subtype G  � o G  � i1 G  � i2 G  � i3 

K D  G-protein  (nM) 10  ±  1 300  ±  30 7  ±  1 43  ±  5
K D  GTP g S  (nM) 400  ±  50 4.2  ±  0.5 9.9  ±  0.7 82  ±  10

 Unliganded Receptor 
 G-Protein subtype  G  a o   G  a i1   G i a i2   G  a i3  
K D  G-protein  (nM) 21  ±  1.8 80  ±  9 585  ±  70 95  ±  10
K D  GTP g S  (nM) 1900  ±  200 * * *

 Partial Agonist (morphine)-bound 
 G-Protein subtype  G  a o   G  a i1   G  a i2   G  a i3  
K D  G-protein  (nM) 43  ±  5 33  ±  8 310  ±  27 17  ±  3
K D  GTP g S  (nM) 925  ±  125 93  ±  11 1650  ±  130 910  ±  142

 Agonist (SNC 80)-bound 
 G-Protein subtype  G  a o   G  a i1   G  a i2   G  a i3  
K D  G-protein  (nM) 5  ±  0.5 215  ±  33 209  ±  33 14  ±  1.1 19  ±  2
K D  GTP g S  (nM) 10  ±  1.8 2.2  ±  0.4 2.4  ±  0.3 97  ±  14 24  ±  3

   *No G-protein activation up to 5  m M of GTP g S    
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ensuing effi cacy for a particular signaling pathway. The 
PWR analysis instead evaluates the dynamic interactions 
between the receptor and G-proteins as a result of agonist 
occupancy. The data presented here show that the full 
 agonists, DPDPE and SNC80, and the partial agonist, 
morphine, confer very different profi les on the hDOR for 
G-protein binding and subsequent GTP exchange. One 
interpretation of the current data is that the more effi ciently 
an agonist can induce G-protein binding and GTP exchange, 
and furthermore coupling to multiple G-protein subtypes, 
the more effi cacious the agonist would be at that receptor. 
The affi nity of hDOR for G  a o , G  a i2 , and G  a i3  upon SNC80 
occupancy versus the affi nity of hDOR for G  a i3  only and 
low affi nity for GTP when occupied by morphine is a case 
in point. 
 The above observations may explain the often-suggested 
idea of apparent  “ subtypes ”  of  d  opioid receptors. Rather, 
our studies suggest that these different  “ subtypes ”  may 
result from the different transduction pathways induced by 
the ligand as defi ned by relative effi cacy of the ligands in 
different tissues. Actually, since different pathological pain 
disease states may be a result of different phenotypes, the 
nature of the ligand for the GPCR may result in the emer-
gence of a specifi c phenotypic response depending on the 
nature of the ligand. If this is the case, then PWR spectros-
copy provides a unique and powerful assay system for 
developing drug ligands that can address specifi c pathologi-
cal pain conditions. 
 We also have examined whether the interactions of the 
ligands with the receptor are modulated or different when 
individual G-proteins are present. That is, is there a recipro-
cal effect of the G-protein binding to the receptor on the 
affi nity of the ligand for the receptor? In general we have 
found that the G-proteins have no effect on antagonist and 
inverse-agonist binding, which is consistent with current 
conclusions from classical binding and second messenger 
studies. On the other hand, in the presence of G-proteins, 
agonists such as DPDPE and SNC80 bind with 6- to 8-fold 
higher affi nity to the hDOR than when no G-proteins are 
present, demonstrating that in the absence of G-proteins the 
hDOR is in a lower affi nity state than when in their pres-
ence. This observation is in agreement with a model in 
which G-protein promotes a high affi nity state of the recep-
tor for agonists. 
 Finally, we have examined the binding of the  a  and  b  g  sub-
units of the hDOR when it is occupied with agonists such as 
DPDPE and SNC80 and the partial agonist morphine. Sur-
prisingly, we found in all cases that the highest affi nity  a  
subunit (G  a i2  for DPDPE-occupied receptor, G  a o  for the 
SNC80-occupied receptor, and G  a i1  for the morphine-
 occupied receptor) bound less tightly by a factor of 5 to 7 
than the  b  g  subunit. These data suggest that both the G  a   and 
the  b  g  subunits consist of intrinsic structures that allow them 

to interact with the hDOR independently of each other. The 
affi nity of the  b  g  subunit for the hDOR is consistent with the 
proposed function of this subunit complex whose associa-
tion with the receptor is essential for initiating recep -
tor internalization. The current model proposes that the 
G- protein trimeric complexes have the best structural char-
acteristics for interacting with a G-protein coupled receptor. 
Thus, the  b  g  subunit is critical, by complexing with the 
alpha subunits to form the trimeric G-protein complex, to 
facilitate the G-protein ’ s affi nity for hDOR. Experimental 
evidence in the literature suggests that the beta/gamma sub-
units serve as a GTPase activating protein (GAP) whose 
function is to promote the formation of the functional 
G-protein trimers. The data from the PWR analysis support 
this hypothesis and suggest further that the  b  g  subunits 
 contribute signifi cantly to the G protein ’ s binding to the 
agonist-occupied receptor. 

 These and others studies demonstrate that PWR spectros-
copy provides a powerful new tool for investigating pro-
teolipid structural changes involving GPCRs in various 
aspects of transmembrane signaling including binding of 
ligands to the receptor, the interactions of G-proteins and 
G-protein subunits with the receptor in various receptor 
states, and GTP g S binding to the G-proteins when the 
GPCRs are unoccupied or occupied with agonists, antago-
nists, or inverse-agonists. Of note, all these experiments 
can be done without the need for radiolabels, fl uorescent 
labels, or structural modifi cations of the receptor by muta-
genesis, all of which can lead to artifacts that are diffi cult 
to determine. On the other hand, it might be argued that our 
studies do not correspond to the actual biological system, 
which is much more complicated. Whereas there is cer-
tainly some validity in such arguments and caution must be 
exercised in interpreting such  “ model studies ”  in terms 
of actual biological processes, our studies thus far have 
indicated that in terms of binding K D  values and other 
parameters that can be examined by PWR spectroscopy, 
and compared with other biochemical and biophysical 
methods that are more traditionally considered as  “ biologi-
cal systems ”  (membrane preparation and whole cells), we 
have obtained very good agreement between the latter stud-
ies and those obtained with our reconstitution methods and 
using PWR spectroscopy. Furthermore, there is a long and 
successful history of reconstitution of membrane proteins 
into lipid bilayer vesicles. There is no reason to think that 
reconstitution into a solid-supported planar bilayer would 
be any less successful. We conclude that it is reasonable to 
suggest that PWR spectroscopy should be useful for exam-
ining further aspects of transmembrane signaling such as 
the effects of other modulatory proteins that are involved in 
GPCR signaling, including clathrins,  b -arrestins, kinases, 
phosphatases, and ion channels. In addition we hope to 
be able to address directly the signifi cance (or not) of 
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homomeric and heteromeric GPCR dimerization in signal 
transduction as well as the role of lipid structure, lipid rafts, 
and other structural modulators of the lipid bilayer that 
might be important in modulation of GPCR signal trans-
duction pathways.   

  CONCLUSIONS 
 Clearly the developments stemming from genomics and 
proteomics for examining systemic changes that occur dur-
ing the development of diseases such as neuropathic pain, 
cancer, and diabetes is demanding a reevaluation of our past 
approaches to drug development. In this context, new bio-
physics methods such as PWR spectroscopy are providing 
important physical tools for examining more carefully the 
mechanisms involved in such critical biological activities as 
transmembrane signaling, protein-ligand interactions, and 
protein-protein interactions. 
 In terms of optimized drug discovery for disease, clearly the 
application of current strategies of parallel or combinatorial 
synthesis and high throughput assays, have not provided 
many new insights into how best to address drug design 
and discovery. It is very clear that nervous system changes 
and cellular changes that occur in the setting of injury and 
 disease need to be examined from the viewpoint of how 
therapy can address these changes directly and not simply 
modulate or ameliorate symptoms of the disease state. It is 
critical to realize that the target for treatment has changed 
from the  “ normal ”  state, and hence these system level adap-
tations must be considered in drug design and treatment 
strategies. Drugs need to be designed for optimal activity in 
the disease states, so that they can overcome and/or amelio-
rate adaptations of the cellular and or nervous system. Of 
interest, as we have shown here, design will often involve 
ligands with activities at more than one  “ biological ”  target. 
The development of concepts of overlapping pharmaco-
phores, multivalent ligands, and systems-based design are 
critical new approaches that are in need of new ideas and 
new paradigms.  
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